Introduction
One of the most important features of the next generation of robots is the mobility and the ability to work in an unstructured environment. Conventional manipulator arms have bounded workspace and are thus appropriate only for some limited tasks. Hence, they need additional devices such as conveyor belts and handling devices in order to perform a task requiring large workspace. A new promising concept is to place a manipulator arm on a mobile platform. Such system is usually called mobile manipulator. This adds extra degrees of freedom to the system, which makes the mobile manipulator more dexterous and it may become redundant. Redundancy is an important feature of the new generation of robots making them more versatile. For example, a redundant robot can avoid obstacles in the workspace while executing given task or it can optimize joint torques without modifying primary task, which is usually position and/or force tracking of the robot tool mounted on the top of the robot arm. Mobile manipulators typically consist of a robot manipulator mounted on a mobile platform. Typically, the workspace of the fixed base manipulators is limited but they have good accuracy and fast dynamics. On the contrary, mobile platforms have an "infinite" workspace but they are slow and inaccurate, they can not perform any task by itself. Integration of a fast and accurate manipulator and a platform results in a mobile manipulator that should integrate good properties of both subsystems. Hence, the mobile manipulator has large workspace and high dynamics. Its accuracy is comparable to the fixed manipulator accuracy using appropriate sensors and appropriate control algorithm. Due to the remarkable properties mobile manipulators are often used as service robots that help humans in everyday jobs in everyday environments. When working in unknown environment robot autonomy is crucial. The key feature to assure autonomy is the obstacle avoidance. Therefore, appropriate sensors are needed. Compliant behavior is essential when a robot is in contact with the environment (Asada and Slotine [1986] ), e.g. in robot assembling, grinding, driving a screw etc. The usual approaches to compliant motion control are the impedance control (Hogan [1985] , Salisbury [1980] ), the dynamic hybrid control (Raibert and Craig [1981] ) and the (resolved) acceleration control (Luh et al. [1980] ). The impedance control does not control forces or positions directly, but it controls the desired dynamics of the end-effector or its stiffness. When the dynamic hybrid control is used, the position is controlled along selected directions, while forces are controlled along the others directions. Using the resolved acceleration control the force is not controlled directly although we can achieve compliant behavior. The goal of our research is to develop appropriate control algorithm that enables compliant motion of a redundant mobile manipulator in unstructured environments. A lot of research has been done recently on the control of mobile manipulators (Khatib [1999] , Yamamoto and Yun [1996] , Altafini [2001] , Petersson et al. [2000] , Oropeza and Devy [1999] , Omrčen et. al. [2004] ). Regarding control signals there are two basic types of robot control: velocity and torque control. In the case of a velocity control the control signals are velocities in the robot joints and in the other case control signals are joint torques. Generally, from the performance point of view the torque control has a lot of advantages over the velocity control. However, the torque control can be used only if the robot is equipped with a corresponding motor controller. In fact, most commercially available mobile platforms are velocity controlled and on the other hand manipulators usually enable torque or velocity control. To solve the control problem usually the velocity control is used for both subsystems (a manipulator and a platform). This choice could result in decreased performances of the overall system. To overcome this problem a modification of the motor controller hardware is possible (Holmberg and Khatib [2000] ). This is expensive and requires a lot of development. To preserve the advantages of the torque control, while using the existing velocity motor controller, we propose to use a combined control ((Omrčen et al. [2004] )) where the velocity and the torque control are combined in a single control system. We have examined the combined control in details analytically and experimentally on a real and a simulated system. The analysis includes tracking the trajectory reference in the task and null space is shown. Furthermore, the influence of disturbing external forces in the task and null space on the motion of the robot system is also analyzed. Similar analysis for a redundant torque controlled system has been done by Žlajpah (Žlajpah [1999] ). He examined in details the influence of the external forces in task and null space in different configurations. Khatib (Khatib [1995] ) proved that a redundant robotic system is dynamically consistent in case of inertia weighted generalized inverse. This is true only for complete torque controlled systems. In case of combined controlled system this is not a case. We will show later, that such system can also be dynamically consistent while using other weight. In this case the system is partly decomposed, which is not desired. We will show on a real system that using appropriate controller gains we can achieve high compliance of the robot system in the null space and high stiffness in the task space. This enables obstacle avoidance without use of any sensors and successful trajectory tracking. Since the robot is redundant, the obstacle avoidance can be done simultaneously with the primary task. Compliance is also an important property when the robot works in the contact with the environment. We have shown that using combined control we could maintain most of good properties of complete torque control without modification of the controller in the velocity controlled subsystem.
Methods

Mobile manipulator
The mobile manipulator that we used (Fig. 1) , consist of a torque controlled planar manipulator with four DOF mounted on a velocity controlled holonomic platform Nomad XR4000 with three DOF. The complete system has seven DOF (n = 7). The task was defined as a positioning in (x-y) plane. So, the task has two DOF (m = 2) and consequently, the www.intechopen.com degree of redundancy is five (r = 5). The planar manipulator is back-drivable and it was primary designed to be back-drivable and high speed and we sacrificed the accuracy. In general, advanced force and trajectory control relies on controlling motors torques directly. Unfortunately, mobile platform which we used enables only position and velocity control. Having in mind this limitation, we propose a combination of velocity controlled platform and torque controlled manipulator. 
here, H, C in g denote the inertia matrix, the vector of Coriolis and centrifugal forces and the vector of gravity forces, respectively. τ is the vector of joint torques and q is the vector of joint positions. As one part of the system is controlled by torque and the other part by velocity, the dynamic model (1) is decomposed into 
where () v indicates the velocity controlled subsystem (platform) and () t the torque controlled subsystem (manipulator). We assume that the velocity controlled subsystem is lower in kinematic chain and the torque controlled subsystem is higher. This is true for most of the combined controlled system e.g. most mobile manipulators. In other cases the controller can be easily modified. Since the subsystems are physically connected, the dynamic interaction between both subsystem exist and it is included in tv
Combined control of the mobile manipulator
The combined control is based on acceleration control (Luh et al. [1980] , Hsu et al. [1989] ): 
Here W is the generalized inverse weight. c x && and Φ in Eq. (4) represent the task space and null space control law, respectively, and are defined by:
c dp ee e = ++, = − ,
where e is the task space tracking error, X and r are the actual and the desired task space position, respectively. ϕ& is the desired null space velocity. K d and K p are constant gain matrices that define the task space impedance and K n is a constant gain matrix that defines the null space damping. We assume that the torques of the first subsystem in kinematic chain can not be controlled, since the subsystem is controlled by a velocity controller. Therefore, we can not apply the controller (3) directly. Instead of modifying the velocity motor controller in the platform we propose the following controller, which is shown in Fig. 2 :
The control accelerations c q && are divided into two parts: velocity and torque part (see Fig.   2 ). To control a velocity controlled subsystem we have integrated control accelerations and obtain control velocities. These control velocities define inner torques in the velocity controlled subsystem On the other hand the torques of the torque controlled subsystem c t τ are defined by the user (10). They are obtained using only corresponding part of the controller (3) and includes only a corresponding part of the dynamic model (2). We can see that the motion of the velocity controlled part is completely compensated. 
Analysis of the combined controller
This section describes the analysis of the combined control. We examined the trajectory tracking and the influence of the external force.
Trajectory tracking
One of the basic requirements of the robot system is the ability of tracking the predefined trajectory. First we analyze the trajectory tracking in the presence of external forces/torques, which are considered as disturbance. For the torque controlled part we use the controller defined by Eq. (10). Combining Eqs. (10) and (2) (7) we derive the final equation that describes dynamics of the error in the task space:
The dynamics of the error is also a function of the robot configuration q , since t
J and t H
are functions of the configuration.
Null space analysis
Starting from the same equation as in the previous case (11) and premultiplying it by (Nemec [1997] ).
External force analysis
Forces acting on the robot end-effector
The external force that acts on the robot end-effector 0 F produces the torques in all robot joints. Since the velocity controller is stiff to the external forces, the forces do not affect the motion of the velocity controlled subsystem. On the other hand the torques in the torque controlled subsystem affect the motion and have to be analyzed. Torques in the joints of the torque controlled subsystem are defined as:
Using Eq. (14) the following nonhomogenous differential equation is derived 1 0 T dp
The equation describes the dynamics of the error in the task space in presence of the external force acting on the robot end-effector. Žlajpah (Žlajpah [1997] ) has shown that the system is stable for bounded external force 0 
Dynamic consistency
The system is dynamically consistent when torques in the null space do not produce any accelerations in the task space (Khatib [1995] ) and when forces in the task space do not produce any accelerations in the null space (Nemec and Žlajpah [2002] ). According to Khatib (Khatib [1995] ) the system is dynamically consistent only when inertia weighted generalized inverse is used. Using inertia matrix as weight the kinetic energy of the system is also minimized (Hollerbach [1987] ). On the other hand the generalized inverse weight can be any symmetric positive definite matrix of size nn × (Nakamura [1991] ), where n is the number of DOF of the system. Depending on the weight different criterion can be fulfilled. For example, joint velocities of the www.intechopen.com system can be minimized or the error of the secondary task can be decreased (Lenarčič [2000] ) etc. Using the inertia weighted inverse the dynamic consistency can be achieved only for the torque controlled robot systems. In contrary, in case of combined controlled systems the dynamic consistency can not be achieved using inertia weighted generalized inverse. In this section we will analyze the influence of the external force on the null space motion and the possibility of the dynamic consistency. The external force produces torques in robot joints which can affect the null space motion. Using the equations (16) and (18) 
Let us define a selection matrix
The lower part of the matrix is the identity matrix I of the size equal to the number of DOF of the torque controlled system and upper part is the corresponding zero matrix. If we choose the weighting matrix as:
and using relations tt = JJ I and tt = NN I it can be easily shown that using selected weight Eq. (20) is fulfilled. So, using the weight (21) the external force 0 F does not produce any null space accelerations, and consequently, the system is dynamically consistent. We could easily see that using selected weight both subsystems are separated, which is not desired.
Forces acting on the robot segments
An external force acting on the robot segments causes torques directly in the null space independent on the generalized inverse weight. The force acting on the torque controlled part moves the segments away from the force, i.e. a robot is compliant in the null space. Consequently, the retreat produces the null space tracking error (16). The controller gain n K in Eq. (8) defines the compliance of the robot to the external force. However, the compliance depends also on the robot configuration and its inertia matrix (16). Higher value of n K enables better trajectory tracking in the null space and the robot is stiffer to the external force in the null space. In contrast, lower value of n K makes the robot more compliant in the null space and the trajectory tracking is worsened. We will show later that high compliance in the null space assures obstacle avoidance. For that, low values of n K are necessary, which can make the system unstable, i.e. the derivative of the Lyapunov function (17) becomes positive definite.
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Note that the external force acting on the robot segments influences also the task space motion and causes the task space error as shown in Eq. (14). Of course, when the external force vanishes the task space error converges to zero.
The force acting on the velocity controlled subsystem
On the other hand, the robot is not compliant to an external force acting on the velocity controlled part. The external force produces only torques in the velocity controlled joints, since the velocity controlled system is first in the kinematic chain. Because the velocity controller is stiff and assures tracking of the trajectory, the external force does not affect the motion of the system.
Verification of combined control by simulation
In this section we compare three different approaches to the robot control: a velocity control, a torque control and the proposed combined control. We have made the comparison on a model of a real robot system composed of a torque controlled planar manipulator mounted on a velocity controlled holonomic platform (Fig. 1) . Note that the comparison is only a raw comparison of different approaches, since there exists numerous variants of velocity and torque control. Although, the comparison is good and fair enough to see some basic properties of combined control.
Controller definitions
First controller is a velocity controller, where the entire system is controlled by a velocity. Each joint is controlled by a PID controller with optimal parameters that assures good joint trajectory tracking. We used the following velocity controller:
Second case is a torque controller, where the entire system is torque controlled. We used a resolved acceleration control: 
The third compared controller is the proposed combined controller. Controller parameters of all three cases are optimal and were defined in such a way that all three systems have similar responses to some reference trajectory (see next section).
Trajectory tracking
First we analyze the tracking of the end-effector trajectory. The desired trajectory is a circle with radius 1 m. Two different periods was used. For slower motion the period was 1 s and for the faster motion it was 0.1 s. Fig. 3 and Fig. 4 show the tracking error of all three controllers. For slower motion the tracking errors are approximately the same, because the controller parameters were set for such motion. Here, the motion is slow. Therefore, dynamic interactions between different joints are small and all three controllers assure good trajectory tracking. On the other hand, for the faster motion (Fig. 4 ) the dynamic interactions between joints are larger. Therefore, the tracking error of the velocity controller is much higher than in the case of other two controllers, since the velocity controller does not consider any dynamic interactions. The torque controller considers all dynamic interactions and the combined controller considers all the influence on the manipulator and none on the platform (10). In our case the weight of the platform is significantly higher as the weight of the manipulator and the influence on the platform is low.
Force acting on the robot end-effector
When the robot end-effector is in contact with the environment a contact force appears. None of the three controllers controls the force directly and none considers this force in the control algorithm. Therefore, the external force in all three controllers is considered as a disturbance. The contact with the environment occurs when a part of the trajectory is inside of an object. In our experiment the trajectory reference was 5 cm inside of the object in x direction. The stiffness of the object was 5000 N/m. The initial configuration of the robot is shown in Fig. 7 . This figure shows the top view of the mobile manipulator. Large circle corresponds to the platform. On top of the platform is the manipulator marked with strait lines. Next figures show the error in task space (Fig. 5 ) and the force on the end-effector (Fig. 6) , which results from the contact.
www.intechopen.com The velocity controlled system is usually very stiff to external force, as can be seen in the figures. The error is small, and consequently the force of the contact is large, since the endeffector is "deep" in the object. The stiffness of the system is defined by internal joint velocity controllers that usually have large gains in order to achieve good tracking performance despite disturbances. In the case of torque controlled system an external force produces torques in the joints. If the system is not dynamically consistent, i.e. the weight is not the inertia matrix, the external force affects the motion in the null space. This often leads to singular configuration of the manipulator. Hence, the dynamic consistency is preferred. Here, the torques in the joints resulting from the external force are completely compensated by the control torques.
Responses of the torque controlled dynamically compensated system are shown in the Fig. 5 and Fig. 6 . The external force is significantly lower than with the velocity controller, since the torque controlled system is more compliant to external forces and consequently, task space error is higher. The compliance depends on the controller parameters and the robot configuration. The parameters were set in such a way that high compliance is achieved. In the case of combined control the response of the system is similar as in the case of the torque controller. Here, the dynamic consistency is not feasible due to a facts described in the section 0. However, using the inertia matrix as a weight, the properties of the system can be quite similar to a dynamically consistent system. The self motion is very low due to the large weight corresponding to the platform and is noticeable after longer time.
Forces acting on the mobile manipulator segments
Forces acting on the manipulator
In our experiment we apply a force of 10 N on the end of 2-nd segment of the manipulator as shown in Fig. 7 . Fig. 7 . The external force acting on the manipulator.
In the case of velocity controlled system the external force did not cause any noticeable configuration changes (Fig. 8) . Consequently, the task space error was low (Fig. 11) . As already mentioned, the velocity controlled system is stiff to an external force, regardless of where a force acts. In the case of combined controller the external force causes a displacement of the manipulator in the point of the contact (Fig. 9 a) ). Consequently, the task space error appears (Fig. 11 ) and the platform moves in order to decrease the task space error. The configuration after 100 s of acting the force is shown in Fig. 9 b) . The platform has moved up and therefore part of the manipulator between point of the contact and a base or end-effector is singular and the manipulator is no more compliant to the external force (for details see Žlajpah [1999] ). We achieve best results with the torque controlled system. The external force causes a displacement of the entire system (including the platform) (Fig. 10) . The task space error is approximately the same as with the combined control (Fig. 11) . 
Forces acting on the platform
We applied a force of 10 N on the platform as shown in Fig. 12 . In this case the largest disadvantage of the combined control can be seen. Responses of the velocity and the combined controlled systems are the same, since in both cases the velocity controller assures stiff response of the platform to an external force acting on the platform. The configuration remains the same in both cases despite of the external force (Fig. 12) . The task space error is negligible (Fig. 14) . Fig. 12 . Point of acting the force on the platform.
In the case of the torque controller the platform moves in the direction away from the force (Fig. 13) , similar as the manipulator moved in the previous case. The task space error is consequently higher (Fig. 14) . a) After 2 s of acting the force b) After 100 s of acting the force Fig. 13 . Configuration of the robot after acting the force on the platform (torque control). 
Experiments on real system
Determination of the generalized inverse weight
The drawback of the proposed approach is that the system is not dynamically consistent although using inertia weighted generalized inverse. When using the inertia weighted generalized inverse the kinetic energy of the system is minimized. However, the minimization of the kinetic energy is not desired in our case. Namely, the platform is much heavier (150 kg) than the segments of the manipulator (50 g to 900 g). Because of this large difference in weights, the kinetic energy minimization results in motion, where most of the motion is done by the manipulator. Consequently, the manipulator often comes into singular configuration (manipulator stretches), while the platform is practically not moving. To avoid this problem, we propose to change the generalized inverse weight matrix as follows:
The value of the parameter k affects only the part corresponding to the kinetic energy of the manipulator used in the minimization. In our case the value of the k was defined empirically and set to 10.
The task of the mobile manipulator
In our case the mobile manipulator is supposed to move in unknown environment with unknown moving obstacles. The primary task is to track a prescribed end-effector trajectory and the secondary task is the obstacle avoidance.
Obstacle avoidance
For obstacle avoidance certain information of the environment is needed. Many commercially available mobile platforms already have integrated sonar sensors for detection of obstacles around the platform. Based on the proximity measurements the platform is moved away from the obstacles. Like most of the local strategies that solve the obstacle avoidance at the kinematic level, the approach we use is to assign each point, which is close to an obstacle, a motion component in a direction away from the obstacle. The repulsive velocity in the null space corresponding to the translational velocities of the platform xy n q & can be defined as:
All obstacles inside the sphere of influence are included in the repulsive velocity. If only the closest obstacle is included in the repulsive velocity the switching between two or more obstacles could occur and consequently, the discontinuity in the repulsive velocity. Unlike in the case of mobile platforms, robot manipulators usually do not possess integrated sensors for obstacle detection in 3D space. In the past, there were some attempts to integrate some kind of "sensitive skin" and similar sensors along the robot manipulator links (Lumelsky, Siemens tactile sensors, ...), but this solution is very complicated and not suitable for practical applications. Perhaps the most promising are the laser sensors and the 3D vision. As an alternative we propose an approach, where obstacles are actually not avoided, but the contact forces, which occur after the collision between the manipulator links and obstacles, are minimized. The minimization of contact forces is done by a compliant control of a manipulator in the null space (Eq. (16)). For details see (Omrčen et al. [2004] ). The same principle can be noticed by humans working in dark environments. To achieve obstacle avoidance by compliant control the manipulator has to be torque controlled and back-drivable [Žlajpah [1998] ], i.e. any external force at the manipulator is immediately felt at the motors of the manipulator.
Implementation on a real system
The proposed algorithm was implemented on a mobile manipulator and the results were compared to the results of a manipulator with a fixed base controlled only by the torque. The mobile manipulator used in our experiments was described in section 0 and is shown in Fig. 1 . The primary task was trajectory tracking. The secondary task was the obstacle avoidance for the platform. The system was compliant in null space and stiff in the task space. We used
for the controller gains. First we show the comparison between undisturbed motion of the mobile manipulator and the fixed manipulator. Later the mobile manipulator motion in space with obstacles and in contact with the environment is shown.
Free motion
The motion of both systems in the free space is shown. Two different trajectories were tested. The first was a circle with a radius 15 cm and a period of 20 s and the second was a larger circle with a radius 50 cm and a period of 50 s. Fig. 15 a.) and Fig. 16 a.) show the trajectory of the end effector in (x-y) plane and b.) show the tracking error of the fixed and mobile manipulator, respectively. The average integral absolute error (AIAE) is defined as: The added mobility makes the workspace of the manipulator larger which can be seen when tracking the larger circle. Fig. 17 shows the motion of the fixed manipulator before reaching the end of its workspace, after that point the tracking error started to increase. With added mobility the workspace is infinite. The mobile manipulator tracked the whole trajectory, in spite of tracking the larger circle (Fig. 18) . The AIAE of the larger circle was 7.5 mm and was approximately the same as the AIAE of the smaller circle. 
Motion in unstructured space
The mobile manipulator moved in space with obstacles. The obstacles close to the platform were detected with the ultrasonic sensors. There were also obstacles that collided with the manipulator and were not detected. The trajectory reference was the larger circle. When the manipulator avoided the obstacles using the action-reaction principle the AIAE was 6.9 mm. When only the obstacles near the platform were present the AIAE was 8.6 mm. In case when obstacles near the platform and manipulator affected the motion the AIAE was 8.0 mm. Fig. 19 shows the motion when all obstacles was present. In this case the platform motion was much larger than in free motion case (Fig. 20) . The AIAEs were approximately same as in undisturbed case. The maximal tracking error was larger when the obstacles collided the manipulator because the contact force affects the task space error. But after the contact the error decreased and the AIAE was approximately the same. the smaller circles show obstacles detected with ultrasonic sensors. F denotes the force of the obstacle that collides with the platform. The collision place is only approximate because the obstacle position and force were not measured. The manipulator moved away from the obstacle after the collision in 0.8 s. The impact force was approximately 4 N. Fig. 21 . Configuration of the mobile manipulator before and after the collision.
Motion in contact with the environment
One part of the trajectory reference (large circle) was inside of the wall. The mobile manipulator end-effector was tracking the trajectory to the wall and than it was pressing to the wall. The force of the contact is not controlled directly. It is dependent on the tracking error and the manipulator configuration. The motion of the manipulator in contact is shown in Fig. 22. Fig. 23 shows the force on the wall. Force measurement was used only for validation and not for the control. 
Conclusion
The use of the robots in the real world mostly depends on the development of a autonomous robotic systems that integrate mobility and manipulability. This chapter has presented a new approach to the robot control. The control is called combined control since it combines (integrates) two different types of robot control, i.e. the torque and the velocity control in a single robot system. Later on the mathematical analysis of the proposed combined control has been shown. Verification has been done on a simulated and a real system composed of a velocity controlled mobile platform and a torque controlled manipulator. The results show good tracking of the desired trajectory in the task space and in the null space depending on the controller gains. Controller gains also define the compliance of the system in the task and in the null space. We defined the stability region of controller gains. Regarding the system performance the combined control can be placed somewhere between velocity and torque control. Most of the properties of the combined control are comparable to those of the torque control and they are much better than those of the velocity control. When considering the trajectory tracking the combined control is comparable to the torque control, since in both cases most of dynamic interactions are compensated. The disadvantage of the combined control is inability of dynamic consistency and stiff behavior of the system when external forces act on the velocity controlled subsystem. On the other hand, the system with the combined controller can be compliant to external forces acting on the end-effector or on the segments of the torque controlled subsystem. We have proved on a real system that the compliant control enables the mobile manipulator to avoid all obstacles in its workspace. Some of the obstacles are detected and they generate repulsive velocity. On the other hand we do not detect obstacles near the manipulator; avoidance is obtained by compliant control in the null space. We achieved a compliancy also in the task space. Summarizing, the combined control is suitable for most applications where torque control is desired and part of the system can not be torque controlled. Additionally, no hardware modification of the motor controller in velocity controlled subsystem is necessary.
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